Purpose: Fluid overload (FO) in critically ill patients remains a challenging clinical dilemma, and many continuous intravenous (IV) medications in the US are being delivered as a dilute solution, adding significantly to a patient's daily intake. This study describes the costs and outcomes of FO in patients receiving multiple continuous infusions. Materials and methods: A retrospective study was conducted using a hospital administrative database covering .500 US hospitals. An FO cohort included adult intensive care unit (ICU) patients with a central line receiving IV loop diuretics and 2+ continuous IV infusions on 50%+ of their ICU days; a directly matched non-FO cohort included patients without IV diuretic use. The primary outcome of the study was total hospitalization costs per visit. Additional outcomes were ICU costs, mortality, total and ICU length of stay (LOS), 30-day readmission rates, and ventilator use. Unadjusted descriptive analysis was performed using chi-squared or paired t-tests to compare outcomes between the two cohorts. Results: A total of 63,974 patients were identified in each cohort. The total hospitalization cost per visit for the FO cohort was US$15,344 higher than the non-FO cohort (US$42,386 vs US$27,042), and the ICU cost for the FO cohort was US$5,243 higher than the non-FO cohort (US$10,902 vs US$5,659). FO patients had higher mortality (20% vs 16.8%), prolonged LOS (11.5 vs 8.0 days), longer ICU LOS (6.2 vs 3.6 days), higher risk of 30-day readmission (21.8% vs 21.3%), and ventilator usage (47.7% vs 28.3%) than the non-FO cohort (all P,0.05). Conclusion: In patients receiving multiple continuous infusions, FO is associated with increased health care resources and costs. Maximally concentrating medications and proactively providing continuous medications in small-volume infusions (SVI) could be a potential solution to prevent iatrogenic FO in critically ill patients. Further prospective research is warranted to assess the impact of the SVI dispensing model on patient outcomes and health care costs.
Introduction
Limited information regarding the relationship between medication administration and fluid balance appears within clinical literature; however, the importance of fluid balance and the prevention of fluid overload (FO) in many disease states remains a prevalent discussion both clinically and economically. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Fluid restriction via enhanced recovery after surgery (ERAS) or other similar initiatives is considered safe and effective and reported to decrease postoperative complications and hospital length of stay (LOS). 1, 2, 5, 8, 15, 20 In 2005, Brouse et al demonstrated an intensive care unit (ICU) LOS increase of 3.1 days in heart failure patients receiving .1.25 L of fluid per day compared to patients receiving ,1.25 L daily. 7 Magee and Zbrozek reported similar clinical findings for transfusion-associated FO and demonstrated an adjusted incremental hospital submit your manuscript | www.dovepress.com
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Child et al cost of US$14,062 per visit compared to the non-FO patients, concluding that the incidence of FO is underreported, albeit substantial. 21 Once diagnosed, FO is treated with diuretics or costly mechanical fluid removal methods such as dialysis or ultrafiltration. 18, 20, 22 Intravenous (IV) loop diuretics are the mainstay of treatment, yet diuretics are associated with numerous complications, most notably renal failure and/or electrolyte disturbances that can lead to cardiac arrhythmias and sudden death. [23] [24] [25] The replacement of essential electrolytes is also not without risk of serious side effects and further iatrogenic FO. 26 To minimize the concern of FO and prevent this vicious treatment cycle, proactive conservative fluid management is recommended. [1] [2] [3] [4] [5] 8, [18] [19] [20] 27 Various techniques exist, but each involves restricting IV fluid volume administered to patients. However, particularly in the US, critical infusions are commonly delivered to adult patients using dilute solutions and a large volume pump. Large-volume drug infusions can significantly contribute to a patient's daily fluid intake and impose a risk of FO. 18 One therapeutic option to achieve conservative fluid management is predicated on the administration of maximally concentrated medications via syringe pump, also known as small-volume infusion (SVI). The SVI delivery method is widely used outside the US, in countries such as the UK, as the main method for adult IV medication administration for drugs with a short half-life or narrow therapeutic margin. 28 However, in the US, delivering maximally concentrated continuous medications as standard of care in adult areas is generally limited or only implemented once patients have entered the cycle of FO and diuresis.
While literature on the benefit of conservative fluid management is abundant, there has been little study examining the clinical or economic impacts of iatrogenic FO. Therefore, as an initial step, a retrospective descriptive study was conducted using a large hospital administrative database to describe an FO patient population in the adult ICU that was receiving multiple continuous infusions. The intent was to estimate health care costs and utilization of an FO cohort compared to a non-FO cohort and better understand the potential benefits of conservative fluid management, such as the delivery of concentrated medications.
Materials and methods
Premier database
Data for the study were derived from the Premier Research Database (Premier, Inc., Charlotte, NC, USA). The database is the largest US hospital clinical and economic database, and contains data from more than 445 million patient encounters across 581 hospitals, representing approximately one in every five discharges in the US. It contains data from hospital discharge files, including a patient's demographics and diagnoses, all services billed while at a hospital, such as medications charged as administered, and all procedures performed. Drug utilization information was available by day of stay and included quantity, dosing, strength used, and cost; however, the database did not include clinical information such as dilutions performed by the hospital pharmacy or amounts received by the patient. Information on hospital characteristics, including geographic location, bed size, and type (eg, community, academic) were also obtained.
Patient identification and selection criteria
A cohort of adult ICU patients with FO were defined using the following criteria: 1) at least 18 years at admission, 2) an ICU visit occurring between January 1, 2010 and December 31, 2012, 3) the use of at least one IV loop diuretic (Table 1) on at least 50% of ICU days, 4) a central line in place, and 5) the use of at least two commonly used continuously administered IV drugs on at least 50% of ICU days (Table 1) . When a patient had more than one discharge during the study window that met the inclusion criteria, the earliest discharge was retained as the index discharge for the study.
In addition, a cohort of non-FO patients was identified that matched the FO cohort inclusion criteria but did not have any IV diuretic use during the ICU stay. Patients in the FO cohort were directly matched 1:1 to the non-FO cohort on: 1) age group, 2) sex, 3) Major Diagnosis Categories (MDCs), and 4) patient severity as measured by Charlson comorbidity index (CCI) 29 categories. Only the patients in the matched FO and non-FO cohorts were included in the study analysis. 
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Outcomes
The primary outcome for the study was total hospital cost per visit as reported by the hospital, and a secondary outcome was ICU cost. The cost data were extracted and summed from the hospital billing records, while the ICU cost calculation was based upon line items associated with an ICU departmental code. Additional secondary outcomes included hospital LOS, ICU LOS, inpatient mortality, readmissions, number of days on a ventilator per visit, and prevalence of the complications ventilator-associated pneumonia ( 
statistical analysis
Unadjusted descriptive statistics were used to characterize the patients meeting the selection criteria. Data measured on a continuous scale were expressed as mean and standard deviation. Since some continuous variables such as costs, LOS, and number of days on ventilation did not follow a normal distribution, median and interquartile range (IQR) were reported for those variables as well. Categorical data were expressed as counts and percentages of patients within the categories. Bivariate analysis was performed to compare variables between the FO and non-FO groups. Paired t-tests were performed to test for determination of statistical differences in continuous variables as appropriate. Chi-squared tests were used to test for statistical differences in categorical variables. Statistical analysis was performed using SAS statistical software (v9.2; SAS Institute Inc., Cary, NC, USA).
Results
There were 64,132 patients with FO evidenced by the use of IV loop diuretics, and 131,223 met the comparison cohort definition. After the 1:1 direct match, 63,974 patients remained in each of the two cohorts. The patient attrition is depicted in Figure 1 .
Demographic and hospital characteristics for the FO and non-FO cohorts are reported in Table 2 . The majority of the patients were elderly with a mean age of 66 years; therefore, Medicare was the largest primary payer (62.4% and 65.2%, respectively). The majority of the FO cohort was identified from hospitals that were non-teaching (57.0%), located in an urban area (89.5%), and from hospitals with .300 beds (74.2%). Similarly, the non-FO cohort was also primarily identified from non-teaching hospitals (57.8%), urban areas (89.1%), and from hospitals with .300 beds (71.9%). Although the distribution of age categories, sex, CCI categories, and MDCs of the non-FO cohort were matched exactly to the FO cohort, there were still differences in the distribution of race, ethnicity, and hospital characteristics. Table 3 presents the distribution of clinical characteristics. The FO patients were less likely to be discharged home, were more severe as measured by all patient refined-diagnosisrelated group (APR-DRG) severity, 30 and had higher risk of Table 4 . The average total hospital cost per visit of the FO cohort was US$15,344, or 56.7% higher, than that of the non-FO cohort (US$42,386 vs US$27,042, P,0.001). In particular, the average ICU cost per FO visit (US$10,902) was almost twice as much as the average ICU cost per non-FO visit (US$5,659, P,0.001). The overall and ICU LOS were also longer in the FO cohort as compared to the non-FO cohort (overall LOS: 11.5 days vs 8.0 days, ICU LOS: 6.2 days vs 3.6 days, P,0.001).
As shown in Table 4 , the FO cohort had a significantly higher inpatient mortality rate than the non-FO patients (20.0% vs 16.8%, P,0.001). FO patients were also more 
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Child et al both decreased patient morbidity postoperatively and a shorter mean hospital LOS of 5 days versus 9 days (P,0.001) through the judicious use of fluids and careful prescription of vasopressors in an ERAS setting. 1 Other trials demonstrate significantly decreased postoperative complication rates and no increased patient harm using restrictive perioperative fluids. 8, 14 The high costs of FO exhibited in both the current study and others highlight the importance of conservative fluid management in all areas of fluid delivery, including medications. Because all patients within the study were receiving at least two continuous infusions on at least half of their ICU days, medication administration was included as a part of their daily fluid intake. One potential approach to implement proactive conservative fluid management is to shift from dilute solutions to the SVI model. Due to the continuity of flow of syringe-driven pumps compared to pumps with a peristaltic delivery mechanism, syringe pumps can accurately deliver IV medications in small volumes and achieve a constant blood concentration of the drug. 26 This model will allow medical providers to further conservative fluid management efforts, thereby decreasing the risk of FO and potentially helping to reduce health care costs.
The medications patients received in this study were selected under the assumption that the drugs were being delivered continuously in dilute solutions, and thus would be appropriate for delivery by an SVI model. Using maximal concentrations described in literature, for example, as much as 1,012 mL of fluid per day could be saved for an 80 kg patient continuously receiving norepinephrine at an average dose of 15 µg/minute. 32, 33 Additional medications not delivered continuously, such as antibiotics, could also have the ability to be concentrated to further decrease a patient's fluid intake, allowing clinicians to focus on nutrition and maintaining a patient's fluid balance.
Although this study did not directly examine the effect of concentrated medication delivery on health care costs, it demonstrated that an FO group receiving continuous infusions was associated with prolonged hospital stay, higher costs, and higher mortality in ICU patients using a large US hospital database. In a 3-year period, the 63,974 FO patients cost US$984 million (M) more than the non-FO patients, or US$328 M annually for the 477 hospitals included in the study. If implementation of the SVI model could have prevented even a portion of the patients from experiencing FO, there would be significant savings in health care costs. These findings were consistent with previous studies that examined the effects of FO in patients with specific diseases such as acute decompensated heart failure, acute kidney injury, or patients receiving fresh frozen plasma. 5, 7, 21 Moreover, this study included patients in all disease states who were treated in hospital ICUs, showing evidence that FO can affect patients with a wide range of diseases, and that improvement in fluid management practices could have a positive effect hospital-wide on both clinical and economic outcomes.
However, this study is limited in several aspects. The definition of FO was based on the evidence of IV loop diuretic use during 50% or more ICU days, which should be clinically validated. As the database was charge-based, many clinical indicators such as laboratory values, patient weights, and fluid intake/output were not available. The fluid volume information was also not complete in the hospital billing records; therefore, examination was not possible for the specific volume of fluid for every patient in the study. As such, a clear distinction between general FO and iatrogenicinduced FO cannot be made.
As in all retrospective observational studies, the patients in the FO cohort and non-FO cohort were not randomly assigned; therefore, there is a potential bias due to the difference in patients' severity and unmeasured confounders. Although direct matching was performed using patients' age group, sex, and MDC and CCI categories, an unadjusted descriptive analysis was conducted in the study that did not include additional adjustments for potential selection bias or confounding. Therefore, estimates described may be either over-or under-estimated because the two cohorts differed on characteristics that were not statistically controlled, but still provides an overview of FO patients compared to non-FO patients. These data do not establish a causal relationship between FO and increased costs and LOS, only an association. The difference observed may entirely be due to the critical illness of the patients and the burden of the ICU stay.
Finally, as only a limited list of commonly used IV medications was included in the study, all patients with potential iatrogenic FO may not have been captured. Many other drugs are available and the use varies based upon hospital formulary, availability, and physician preference.
Conclusion
This study serves as an initial attempt to characterize patients with FO who are receiving multiple continuous infusions and the associated economic burden placed on the US health care system. The findings of the study are hypothesis-generating, and further research is warranted to assess the impact of medication delivery on FO. As a next step, a prospective 
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Outcomes associated with fluid overload in the adult ICU study comparing critically ill adult patients receiving standard of care infusions to those receiving maximally concentrated medications could directly examine the effect of a small-volume infusion model on clinical and economic outcomes.
